Introduction
The capability of metal oxide semiconductor photocatalysts to degrade effectively a wide range of hydrocarbon contaminants has been well documented (Matthews, 1990; Fox and Dulay, 1993; Mills et al., 1993; Ollis and Al-Ekabi, 1993; Hoffmann et al., 1995) . The solid photocatalyst is activated by ultraviolet light generating holes and excited electrons which combine with surface sorbed species such as water and oxygen to form highly reactive radical species '(e.g., OH· and o;-).
These radical intermediates nonselectively oxidize organic pollutants such as chlorinated hydrocarbons, pesticides, solvents, and aromatic compounds in most cases yielding only carbon dioxide, water, and dilute mineral acids (e.g., HCl) as the final products.
Many studies have addressed the immobilization of a photocatalyst in a practical fixed-bed reactor configuration that allows for the continuous use of a photocatalyst without the need for post-process filtration (Al-Ekabi and Serpone, 1988; Bellobono et al., 1992; Yamazaki-Nishida et al., 1993; Zeltner et al., 1993; Bellobono et al., 1994; Hofstadler et al., 1994; Sauer and Ollis, 1994) . Furthermore, several commercial photocatalytic reactor systems have been developed for aqueous and gas-phase wa~te treatment (Xu et al., 1988; Al-Ekabi et al., 1991; Suzuki, 1993 ) . However, the photocatalytic process has been criticized as being uneconomical compared to other oxidative treatment systems due to its low photochemical conversion efficiencies that may result in higher overall energy costs (Renner, 1996; Wilson, 1996) .
However, there is a growing body of laboratory and field studies which suggests that the use of solar radiation to power photocatalytic reactor systems may lead to more economical treatment alternatives for certain applications (Matthews, 1987; Bockelman et al., 1993; Mehos and Turchi, 1993; Minero et 1 To whom correspondence should_be addressed. Contributed by the Solar Energy Division of THE AMERICAN SOCIETY Ol' ME-CHANICAL ENGINEERS for publication in the ASME JOURNAL Ol' SOLAR ENERGY ENGINEERING, Manuscript received by the ASME Solar Energy Division, Oct. 1996; final revision, Jan. 1997 al., 1993; Pacheco et al., 1993; Zhang et al., 1993; Muradov, 1994; Wyness et al., 1994; Wyness et al., 1994; Zhang et al., 1994; Pugh et al., 1995; Crittenden et al., 1996; Zhang et al., 1996) . The solar spectrum consists of about six percent UV radiation which is useful for photocatalyst activation (A< 380 nm). Sensitization of a photocatalyst can extend the useful spectrum into the visible region (Dieckmann et al., 1993; Dieckmann and Gray, 1996) . Solar-powered syste1ns can be either nonconcentrating or concentrating. Nonconcentrating systems utilize direct and diffuse sunlight enabling operation in overcast and hazy conditions but are limited to the UV energy flux of one sun, ~40 wm-2 . Concentrating systems generally require the use of a tracking device but can employ much greater UV energy fluxes resulting in higher processing capacities and/ or smaller systems. Solar-driven reactor systems involving shallow ponds, parabolic troughs, flat plates, glass fibers, and fiberglass mesh have been investigated previously (Minero et al., 1993; Zhang 1993; Bauer, 1994; Muradov, 1994; Wyness et al., 1994; Wyness et al., 1994; Zhang et al., 1994; Pugh et al., 1995; Zhang et al., 1996) . In contrast to this previous work, we employ a bundled an·ay of optical fibers to transmit light to a photocatalyst immobilized on the fibers and immersed in a reaction solution. This configuration has several advantages over conventional fixed-bed reactor designs (Peill and Hoffmann, 1995; Peill and Hoffinann, 1996) . Immobilization of the photocatalyst on the fibers enhances the spacial unifonnity and distribution of the activated photocatalyst in the reaction solution volume. Direct delivery of light to the photocatalyst minimizes radiation losses due to scattering and absorption by the reactor and reaction solution. Transmission of light to the photocatalyst via the fiber-optic cable allows for treatment of remote environments.
A potential advantage of the optical-fiber reactor (OFR) is that it can operate in a high quantum efficiency domain characteristic of low incident light intensities while maintaining high reaction rates by employing high input light intensities . This combination is achieved by employing a large number of fibers and distributing the photon flux over a large photocatalytic _surface area. In this paper, we discuss the design of a solar OFR2 prototype and compare its performance using solar and artificial radiation for the photocatalytic oxidation of 4-chlorophenol. We also compare the OFR2 with the performance of a previous prototype, OFRl, having a 50 percent higher photocatalytic surface area.
Experimental Section
Optical-Fiber Reactor (OFR2). An optical-fiber bundled array re~ctor was constructed based on a previous design (OFRI) which is described in detail elsewhere (Peil! and Hoffmann, 1995) . A schematic diagram of the optical-fiber photocatalytic reactor system is shown in Fig. 1 . The reactor system consists of a light source, a coated fiber-optic bundle and a reaction vessel, A 1000 W Xe arc lamp (Oriel 6295) provided UV radiation for the indoor experiments. Outdoor experiments were conducted on the roof of Keck Laboratory building at Caltech in Pasadena, CA. Light is focused into the bundle and transmitted through the fibers using a quartz focusing lens (Rolyn Optics) for the artificial light source or a concentrating compound reflector device (vi de infra) for sunlight collection. The fiber bundle consists of 573 1-mm diameter, 1.3 m long Recollimated beam quartz optical fibers (3M Power-Core FT-1.0-lJMT). A 30-cm length of the fibers was stripped to expose the quartz core. The stripped fibers were then threaded through two perforated Teflon plates that serve as a fiber spacer and lid for the reactor at a spacing of 3.0 mm center to center. The prepared fibers were bundled and polished by Fiberoptic Systems, Inc., Simi Valley, CA. After bundling, the stripped portion of the fibers were coated with a 15 wt% aqueous suspension of Ti0 2 (Degussa P25) and allowed to air dry for 24 h. The 4.2 L (32 X 13 cm diameter) cylindrical reactor vessel was constructed from Pyrex with a bottom glass frit (fine)-and gas inlet for the introduCtion of air or oxygen for oxygenation and mixing of the reaction solution ( .....,2 ml min-1 ). Sample ports and a temperature port are located at the top and bottom of the vessel and are fitted with Teflon-coated septum screw caps. The dual lid and fiber spacer is constructed from Teflon with a 2 mm-deep groove to fit over the reactor vessel. The hole spacings are concentrically arranged at a spacing of 3.0 mm center to center. The fiber bundled array fits coaxially into the reactor vessel. Solar Collector Device. The solar collector device shown in the photo in Fig. 2 , along with the equatorial tracker and reaction vessel, consists of an equatorial tracking mount and gearing, and a compound reflector. The co1npound reflector arrangement concentrates and directs sunlight into the fiberoptic cable reactor. The bottom primary reflector is a 24-in. diameter silvered (concave side) parabolic glass dish (Baush and Lomb) with an eight-inch focal point. A thin acrylic lacquer coating (DCA 468 clear, PPG Industries, 8:1 mix with lacquer thinner) prevents oxidation of the silver coating (Peacock Laboratories). An aluminized 3.5-in. diameter convex lens (PCX Rolyn Optics) serves as the secondary reflector. The aluminum coating is protected with a magnesium fluoride UV-transparent coating. The secondary reflector is positioned in front of the focal point of the primary reflector to achieve a beam spot size approximately 75 percent of the coupling face diameter, e.g., 0.75 in. The compound reflector is supported by an aluminum equatorial tracking mount and tilted at a 34 deg angle (average solar zenith angle for Los Angeles, CA). After aligning the com-' pound reflector with the sun, it is rotated by a geared ( 1444: 1) synchronous motor at 15 deg hr-
.
Light Flux Determination. Input light intensities into the fiber bundle, l;nput• for the solar and artificial sources were measured by chemical actinometry using ferrioxalate (FeOx) according to the method by Calvert and Pitts· (Calvert and Pitts, 1966) . In general, a 1 L 0.006 M solution of reagent grade potassium ferrioxalate (Pfaltz & Bauer) acidified in 0.1 M H 2 S0 4 (Baker, AR) is irradiated at 10-second intervals. At eacJ:i_ interval a 10 mL aliquot is taken and diluted to 25 mL with 2 mL of a 0.1 wt% solution of 1, 10-phenanthroline (Baker, AR), 5 mL of a 1.0 N sodium acetate (EM Science, GR) buffer, and 8 rnL of deionized water (Milli-Q). After standing for one hour the absorbence of each sample Solution is taken at A = 510 nm. The tip of the uncoated bundle was immersed in the actinornetry solution and irradiated using either sunlight or artificial light. A series of measurements was made and aver~ged. An outdoor Journal of Solar Energy Engineering input flux measurement was also made subsequent to coating the fiber bundle. Outdoor measurements were made at 12:00 hours.
The ambient solar flux as a function of wavelength and time of day was also measured using a spectral radiometer (LI-COR Li-1800). The absorbed light intensity, labs• of the coated bundle was assumed to be 95 percent of the input light intensity based on previous findings Hoffmann, 1995, 1996) .
Photooxidation of 4-chlorophenol. A 4.0 L, 0.10 mM solution of 4-chlorophenol ( 4CP) was prepared from· a LO mM stock solution (Aldrich, 99+ percent). Before irradiation, the coated-fiber bundle was immersed in the reaction solution and allowed to equilibrate for 30 minutes. The irradiations were carried, out until the complete disappearance of 4CP was observed. This required two days of irradiation for the outdoor experiment from 10:00 to 17:00 hours each day. Nylon (Nalgene 0.45 µm) syringe filters were used to filter all samples. 4CP was analyzed by HPLC (HP Seriesll 1090) using a Hewlett Packard ODS Hypersil ( 5 µm_) column with an eluent (I mLmin -1) of20/80 percent acetonitrile/water (pH 3). UV absorbence was measured at 224 and 250 nm. Chloride-ion production was quantified using a chloride ion selective electrode (Orion 9617BN) or by ion chromatography (Dionex BIOLC 4500i series) using an lonpac AG 11 Guard column with an eluent (1 mL-rnin-1 ) of 75/25 percent 5rnM/100 mM NaOH. The pH was determined with a Radiometer PHM85 pH meter.
Results
Ambient solar flux data from the roof of the Keck Laborato1y building were used to size the solar concentrator shown in cm-2 ) reaching a maximum at 14:00 hours. This UV flux represents about 3. 7 percent of the total ambient solar flux.
Due to irregularities in the surface of the primary reflector, only the inner 17-in. radius of the reflector was useful for solar collection, representing about 1400 cm 2 of reflective surface area. Since the fiber bundle coupling face consists of 4.5 cm 2 of fiber area, this gives a concentration factor of approximately 300. A total theoretical (without losses) concentrated UV flux was estimated to be 6.3-12.6 W ( 1230-2520 µE min · 1 ). UV reflectivity losses ·of about 45 percent for the silver /lacquer coating and an overall beam-to-bundle coupling efficiency of 80 percent were estimated.
Actinometric flux measurements were carried out to determine the input light intensity into the OFR2. Total fluxes of 68 ± 11 and 360 ± 15 µE min-· 1 were measured for the artificial and solar light sources, respectively. UV fluxes were calculated to be 40 percent and 50 percent, respectively, of the total measured flux based on the Xe arc lamp output and solar spectrums and the wavelength dependency of the ferrioxalate measurement. The measured flux of the coated fiber bundle was negligible, less than five percent of the uncoated bundle flux, indicating that most of the input UV light was being absorbed by the coating. The non-UV wavelengths would have passed through the coating.
4-chlorophenol was chosen as a model pollutant for its low volatility and moderate solubility. 4CP has been reported to undergo hydroxyl radical insertion as an initial step in the overall oxidation Tseng and Huang, 1991; Mills and Hoffmann, 1993) according to the following generally accepted mechanism :
A controlled indoor irradiation experiment was carried out to compare the performance of the OFR2 using solar radiation for the oxidation of 4CP. In addition, these results are compared to 4CP oxidation experiments carried out using OFRl Hoffmann, 1995, 1996) . The initial reaction rates, time to "complete degradation" ( [ 4-CP]""" ~ 0.01 [ 4-CP]"), and the relative quantum efficiencies are summarized in Table 1 . The higher initial reaction rate and faster time to complete degradation for the-OFR2 outdoor experiment is due to the higher absorbed light intensity, 25-41, compared to 10 µE L-1 min-
•
The OFR2 performed comparably to the OFRl but achieved higher relative quantum efficiencies for both the indoor and outdoor irradiations. A relative quantum efficiency of¢ = 0.020 was achieved for the indoor OFR2 experiment which is comparable to previously reported values for the photocatalytic oxidation of 4CP (Barbeni et al., 1985; Mills and Hoffmann, 1993; Hofstadler, 1994) . The results of the 4CP oxidations using artificial and solar light are summarized in Table 1 A relative quantum efficiency range for the outdoor irradiatio:q of¢ = 0.01,7-0.010 was estimated based on an average UV flux of 30 ± 5 µE min -i for the one-hour irradiation period.
Discussion
The need for low-cost novel technologies for the decontamination of subsurface water and other waste streams has spurred the development of solar-powered photocatalytic reactors which combine cheap and environmentally benign photocatalysts such as Ti0 2 and sunlight. A unique feature of the OFR is the remote delivery of light to a photocatalyst allowing for in situ treatment of a contaminated site. This would eliminate the need to pump contaminated water to the surface for treatment required for most other treatment technologies. The OFR, as a fixed-bed reactor, is also ammenable to gas-phase operation. Photocatalytic reaction in the gas phase has been shown to be substantially faster than in the aqueous phase (Dibble and Raupp, 1990; Nirnlos et al., 1993; Yamazaki-Nishida et al., 1993) . Additionally, the use of sunlight as the UV source would further reduce treatment costs. In advanced oxidation systems, the UV radiation supply typically represents a large fraction of the capital and operating costs (Miller and Fox, 1993; Bolton et al., 1995) . The primary objective of the present work is to demonstrate the feasibility of utilizing solar radiation in an OFR for the destruction of hydrocarbon pollutants.
Reactor Design. Critical design features of the OFR2 include: the reaction solution volume, the total UV flux, and the fiber bundle size. A batch volume of 4 L was chosen for this project which is 20 times larger than the OFRl design. OFRl studies suggested that a minimum input UV flux of 50 µE (L min )-1 , assuming ~ 100 percent absorption by the coating, was necessary to achieve the complete oxidation of 4CP in one day (six hours) of irradiation (Peill and Hoffmann, 1996) . Thus, the minimum total input UV flux desired was 200 µE min-
1 .
An estimated photocatalytic coating surface area-to-reaction volume ratio of 23.3 m 2 L ·-1 employed in the OFRl, which consisted of 72, 20 cm long coated fibers in a single bundle, was used as a base parameter to size the fiber bundle (Peill and Hoffinann, 1996) . Single-fiber light distribution experiments with 13 wt% Degussa P25 revealed that collimated light is propagated 35 cm before being completely absorbed by the photocatalytic coating. Therefore, coated fiber lengths of 30 cm were used to maximize the activated photoc.atalytic surface area. The fibers at the reaction end of the bundle were spaced 2 mm apart in a concentric, parallel arrangement to ensure a uniform distribution of the photocatalyst within the reaction volume. Assuming a coating thickness and porosity of 6 µm and 0.9 Hoffmann, 1995, 1996) and a photocatalyst density and specific surface area of 3.9 gcrn-3 and 50 m 2 g-1 (Degussa, 1990), respectively, a fiber bundle consisting of 573 one-mm diameter fibers gave a photocatalytic surface area-to-reaction volume ratio that was 68 percent o_f the OFRL This ratio was deemed sufficiently different to be able to investigate also possible mass transport effects.
Three alternative solar collector designs were considered. They involved the use of ( 1) a compound Fresnel lens arrangement, (2) a combination Fresnel film and lens arrangement, as illustrated in Fig. 4, and ( 3) a compound parabolic reflector arrangement. The first option consists of a UV-transmitting quartz lens of sufficient collection dia1neter (e.g., 30 cm) coupled with a secondary quartz lens to collimate the concentrated light. The primary lens was not commercially available and was determined to be cost prohibitive. The Fresnel film is manufactured by 3M for photovoltaic systems and consists of a continuous web of non-UV transmitting acrylic (0.6 mm thick) with prisms on one side and a smooth surface on the other. The thin film is bonded to a rigid sheet such as UV-transmitting acrylic for support. The concentrated light is collimated and coupled with the bundle using a secondary quartz lens. However, this alternative configuration was rejected because the quantity of film required ( ,.._,350 cm 2 ) was not sufficient to cover the co1n-mercial development costs and the development time (i.e., greater than six months) was extensive. In addition, unless UV transmitting substitutes could be developed, the acrylic lens film and bonding material would absorb_ some portion of the UV flux. This arrangement, however, might prove to be a superior alternative for future consideration as it is simple, light weight, and can probably be constructed of UV transmitting film. The third option consists of a bottom primary parabolic reflector coupled with a secondary upper reflector that is positioned in front of (convex) or behind (concave) the focal point of the primary reflector. The secondary reflector is adjusted until a The primary collector diameter was set based on the desired input flux, / 1 nput• the ambient solar flux data, Iambicm• (Fig. 3) and the estimated efficiencies for the primary, ' Figure 5 is a plot of silver reflectivity data as a function of wavelength, the ambient solar flux, and the corresponding reduction of the reflected solar flux (Holland, 1958) . The reflectivity at each wavelength was weighted by the contribution of the wavelength to the ambient UV flux and integrated. This resulted in an estimated reflection efficiency for the silver coating of 7 5 percent. Spectral analysis of the lacquer coating used to protect the silver coating indicated a UV transmittance of about 60 percent. Thus, the overall reflection efficiency for the primary reflector was estimated to be 77r•·imary = 45 percent. The aluminum coating on the secondary reflector was estilnated to have a reflection.efficiency of 'l7sccondnry r=::;:; 100 percent (Holland, 1958) . Three 1nain factors affected the beam to fiber coupling efficiency. They were (I) the input beam angle, (2) the beam spot size relative to the fiber core diameter, and (3) Fresnel losses due to refraction. The input beam angle should be within 80 percent of the acceptance angle, (}, given by
where ' Y is the numerical aperture of the fiber core and n 1 and n 2 are the refractive indices of the fiber core and ambient medium (e.g., air, n 2 = 1.0), respectively. A fiber bundle consisting of 3M Ft-1.0UMT fibers has a ' Y of 0.3 and a fiber core refractive index of 1.413. These values give an acceptance angle of l 7 deg. Therefore, the beam should be incident on the fiber coupling face at an angle less than 14 deg with respect to the axis of the fiber for efficient coupling. The beam spot size should be 80 percent of the core diameter (e.g., 8 mm). Some losses may occur if this criterion is not achieved since the reflected beam diameter spans the entire fiber bundle coupling face. Fresnel losses of about four percent due to refraction of the beam off the bundle face may also be incurred. Due to a fiber packing factor that is close to 0.9 (i.e., hexagonal close packing cross section), there is a ten percent coupling loss due to void space in the bundle coupling face. Overall, a coupling efficiency, 77coupling, was conservatively estimated to be 80 percent and, thus the overall solar collection/ coupling efficiency is reduced to 36 percent. 24 in. primary reflector that was employed appeared ·to be sufficient to provide the minimum required UV flux. As a result of a mismatch between the shape of the primary and secondary reflectors, a fully recollimated beam was not obtainable. The beam input angle ranged from 0 deg to 10 deg. However, due to irregularities in the parabolic surface of the primary reflector, only the inner 17 in. diameter was effective for sunlight collection.
UV Flux Determination. The input UV flux was measured to detennine relative quantum efficiencies for the oxidation of 4CP and as a basis for comparing the perfonn<'tnce of the reactor using artificial and solar light. The absorbance spectrum for ferrioxalate is shown in Fig. 6 and compared to the solar and Xe arc lamp output spectra. As can be seen, the F"eOx solution may be absorbed at wavelengths above 380 nm. When the flux at each wavelength was weighted by the respective absorbance of the FeOx solution and the conversion quantum efficiency, it was estimated that only 43 percent and 58 percent of the measured flux can be attributed to the useful wavelengths for the solar and Xe arc lamp sources, respectively (Calvert and Pitts, 1966) . Thus, the absorbed UV fluxes for the indoor and outdoor experiments were estimated to be 10 ± 1 and 37 ± 1 µEL -t min-1 , respectively. It should also be noted that the solar flux measurements were made at 12:00 hours when the solar flux was about 90 percent of its peak. The quantum efficiency was calculated using an initial rate evaluated with the first hour sample irradiated between 10:00 and 11:00 hours when the solar flux was at 65-85 percent of its peak. An estimated value of 30 ± 5 µEL -·i min-1 was used to calculate the relative quantum efficiency for the solar irradiation.
The estimated (from data) maximum input UV solar flux of 170 µE min-1 is 7-14 percent of the theoretical flux available and about 20-40 percent of the predicted UV input flux after losses. This collection/ coupling efficiency is 2.5 to 5 times lower than the empirically estimated efficiency of 35 percent of theoretical. The discrepancy may be due to lower reflection efficiencies for the primary and secondary reflectors and/ or a lower coupling efficiency than predicted. The lower input UV flux also resulted in slower reaction rates than were predicted (vi de supra) .
4~Chlorophenol Oxidations. The photocatalytic surface area plays two important roles in this reactor configuration. The photocatalytic surface area-to-reactor volume ratio determines whether the reaction system is in a mass transport limited or a reaction rate limited regime, assuming the system is not limited by the input light flux. If the system were mass transport limited, an increase in the photocatalytic surface area-to-reactor volume ratio would enhance the observed reaction rates. Given that the thickness of the catalyst coating ( 6.0 µm) and its high porosity; that the characteristic time for diffusion of 4-chlorophenol from the outer edge of the Ti0 2 coating to the quartz fiber core is approximately 0.04 s; this time can be compared to the half-234 I Vol. 119, AUGUST 1997 lives (Table l) ·for reaction which ranged from three to five hours. Furthermore, diffusion through the electrical double layer (with a characteristic length of 50 nm) of an individual ·particle will occur within a microsecond time frame. Thus, mass transpo1t is not a limiting factor in this reactor configuration since the bulk fluid is well mixed and the characteristic times for diffusion are short compared to the characteristic che1nical reaction times .
In addition, the absorbed light intensity-to-photocatalytic surface area ratio can affect the quantum efficiency. Previous studies have shown an inverse relationship between the absorbed light tlux and the quantum efficiency (Albery et al., 1985; D'O!-iveira et al., 1990; Kormann et al., 1991; Ollis, 1991; Ollis, 1991; Mills and Hoffmann, 1993; Peil! and Hoffmann, 1996) . In illuminated semiconductor photocatalysts, the photogenerated electron-hole pair density increases with an increase iri the absorbed light intensity. As a result, at a high absorbed light intensity, the rate of electron-hole recombination is increased relative to interfacial charge transfer. This leads to a lower relative quantum efficiency.
The reaction rate data for the OFRl and OFR2 reactors suggest that the observed photochemical reaction rates are not mass transport limited. The photocatalytic surface area-to-reactor volume ratio of the OFR2 is about 65 percent that of the OFRl. However, a higher initial reaction rate for the OFR2 outdoor oxidation is observed despite a similar absorbed light intensity compared to the OFRI oxidation. Other studies have reported similar findings for slurry-phase reactors (Pruden and Ollis, 1983; Matthews, 1988; Turchi and Ollis, 1988; Ollis et al., 1989) . In contrast, mass transport effects in fixed-bed photocatalytic reactor systems appear to be a function of the reactor design and reaction parameters such as distribution of the photocatalyst within the reaction volume, the radiation field with respect to the exposed photocatalyst membrane, pollutant concentration, and reaction solution flow rate, (Matthews, 1987; Turchi and Ollis, 1988; Sabate et al., 1991 Sabate et al., , 1992 .
Increasing the coated-fiber number density decreases the relative incident light intensity to which to the photocatalyst is exposed for a given input light intensity. The fiber length .should equal but not exceed the propagation length of light in the coated fiber to maximize the input photon utilization. The fiber number, fiber number-densities, and fiber lengths for the OFRl and OFR2 were 72 and 573, 92 and 113 fibers-cm-2 , and 0.20 and 0.30 m, respectively. These dimensions resulted in estimated photocatalytic surface areas of 4.4 and 63.6 m 2 , respectively. In Table 1 the absorbed light intensity normalized by the photocatalytic surface area is compared to the observed relative quantum efficiencies. An inverse correlation is evident between the nonnalized labs and relative quantum efficiency. This confinns our previous findings that higher reaction rates can be achieved using the same power input (i.e., higher quantum efficiencies by maximizing the fiber number density (Peill and Hoffmann, 1996) ).
In this system, oxygen sparging (2 ml min-1 ) serves to mix the reaction solution and to act as the electron acceptor. Mixing of the reaction solution may be necessary to minimize mass transport effects and to enhance the sphere of influence of the activated photocatalytic bundle to treat a volume larger than the bundle volume. In an activated photocatalyst particle, surfacebound ·OH radicals are produced by the oxidation of water by valence band holes. In order to maintain charge neutrality concurrent reduction of surface-bound species via conduction band electrons must occur. In an aerated system, oxygen is reduced and forms superoxide and/or hydroperoxyl radicals. These species can be further reduced to form hydroxyl radicals. In the absence of oxygen or an alternative oxidant, charge neutrality cannot be maintained and photocatalytic activity is inhibited as the photogenerated holes, h~~. and electrons, ed,, recombine. In any practical photocatalytic reaction system, oxygen/ air should be-present at sufficient levels so as not to be ratelimitihg. In the case of the treatment of subsurface environments, the addition of oxygen/ air may be required.
In conclusion, a solar-powered prototype OFR for the remediation of contanrinated wastestreams was successfully _designed and tested. Photoefficiencies with sunlight are comparable to that achieved with a Xe-arc source. In addition, a lower absorbed light intensity-to-photocatal)rtic surface area ratio is shown to result in a corresponding increase in the relative quantum efficiencies." These results indicate that the OFR .::onfiguration may be useful in the passive decontamination of groundwater, underground storage tank:s, or other sites where UV radiation is not acc'essible. Developmental issues that must be addressed before practical in situ application of an OFR system is possible include scale-up and distribution of the fibers throughout the treatment volume, protection of the fibers fro1n breakage, coating lifetime and durability, control of flow through the activated bundle, filtration of particulates and other_ interfering species such as hu1nic substances present in groundwater that scavenge · OH, enhanced of the photochemical quantum efficiencies, sufficient residence times, mixing, and oxygenation (aqueous phase) or humidification (gas phase).
